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1. Introduction 

From the melting pot of relatively modest experiences in data processing 

that, in most aspects, began little more than five years ago, the neurophysiologist 

has progressed to substantial use of large computing systems, and has taken account 

of his need for rapid processing of large amounts of data by canprehensive c m p u -  

tational techniques that go to the very fringes of the mathematical arts. 

that this rapid growth in analytic capabilities has not arisen de novo, and that 

it has its origins in earlier methods of frequency analysis (Grey Walter, 1950) 

and simple averaging and correlation analysis (Dawson, 1950; Brazier and Barlow, 

1956), the exponential growth in the armamentarium of the neurophysiologist’s 

analytic capabll itles represents a series of essentially new developments. 

rest upon a trinity that will be a recurring theme in this paper: data acquisition 

systems using analog or digital magnetic tape recording techniques, with appropriate 

coding for stimuli and epoch marking; the use of statistically valid analytic 

techniques, that take account of uncertainties inherent in limited epochs o f  

physiological data; and automated display techniques that achieve required degrees 

of compression of the primary records to provide an overview of long and complex 

epochs of data, while retaining fine resolution of subtle shifts in pattern 
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These exceptional requirements in neurophysiological analysis appear to 

transcend by an order of magnitude the current needs in most other areas of 

physiological research. It has become apparent that many vital bridges in 

our understanding of cerebral functions will only be built on the basis of 

carefully quantified analysis and detection of patterns that inherently 

e,scspe %re observational techniques. The urgent need and "burning thorn o f  

discontent" SO engendered have been powerful stimuli to the pioneering by the 

neurophysiologist of new computational techniques and display methods, that 

now also have application in other areas of physiological research. 

In like fashion, improved analysis of both gross EEG and cellular wave 

phenomena has provided the first f i m  basis for a series of realistic cerebral 

models, concerned with the genesis of the gross EEG from a population of 

neuronal generators (Elul, 1965, 1966) and also with the organization o f  

larger generators in systems subserving the cortical mantle as a whole 

(Walter and Adey, 1965a,b; Adey, 1966). 

This paper will describe essential aspects of computing systems currently 

in use in our Brain Research Institute together with main canputational methods 

and associated display techniques. 

records in animals and man, and for the latter, in relation to baseline charac- 

teristics of a population of individuals in a gamut o f  states in sleep and 

wakefulness. it will describe simple automated pattern recognition techniques 

applied to these records. Finally, it will describe computer applications to 

impedance measurements and cellular wave phenomena, where computational 

it will discuss their application to EEG 

role in the formulation of physiological models, 

ism in their exemplification of the uniqueness 

techniques have played a vita 

having aspects of seeming rea 

o f  organization of cerebral t 

-2 - 

ssue. 



-3 - 

2. Computational techniques in neurophysiological research 

exc 

dev 

Our analytic methods have involved digital computational techniques almost 

usively, with evolution of a hierarchical organization, both in computational 

ces and in analytic techniques, as reviewed in detail elsewhere (Adey, 1965a,b; 

1966). Small special-purpose digital computers for averaging of evoked potentials 

and EEG wave trains, and for estimation of interval histograms in unit firing 

patterns, have been widely used in our laboratories. Their value is indubitable, 

but the need for more comprehensive analyses has led to developmer,ts that are the 

theme of this paper. 

a. Data acquisition systems for computational analysis o f  EEG. 

The laboratories of the Brain Research Institute share the facilities of 

a central Data Processing Laboratory, organized to provide services for about 

40 laboratories, either through acceptance of data on-line in analog or digital 

format, or as analog records on rnulti-channel magnetic tape, usually in 7 channel, 

half inch, or 14 channel, one inch I R l G  formats. These systems have been reviewed 

e 1 sewhere (Adey , 1964) . 
The cornerstone of this central processing laboratory is an SDS 930 canputer 

(Fig. l), with 16,000 words of core memory, 16 priority interrupts, three time- 

multiplexed communication channels (TMCC, "CI', ' W t 8  and "Ylr), and one channel with 

direct access to the computer memory (DACC, I 'Et1 ) .  

by dotted lines are system additions planned for operation within the year. 

remote console system with 64 keys has been developed as an input device to the 

computer with a storage oscilloscope for display (Fig. 2). 

In Fig. 1 ,  those blocks enclosed 

A 
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This  remote console system, o r  Shared Laboratory I n t e r p r e t i v e  Processor 

System ( S L I P ) ,  has been designed by L .  Rovner, L. Betyar and R. T. Kado, t o  

funct ion on a time-shared bas is  invo lv ing f i v e  simultaneous users. 

computer in ter face has been i n s t a l l e d  on each f l o o r  o f  the I n s t i t u t e  b u i l d i n g  

t o  prov ide a n a l o g - t o d i g i t a l  conversion, r e l a y  d r i v e r s  and sense l i n e s  t o  the 

use r ' s  laboratory.  

i n  rea l  t ime and operate upon i t  w i th  several standard a n a l y t i c  programs, o r  

programs which he h imse l f  generates by use of the console. 

u n i t  incorporates 24 b i t s  o f  p a r a l l e l  input ( P I N )  and output (POT! from the 

computer memory, character b u f f e r  and address m a t r i x  f o r  the console system, 

d i g i t a l  - t o a n a l o g  converter,  and a n a l o g - t o d i g i t a l  converter.  

A separate 

The system enables the experimenter t o  convert  analog data 

A system i n t e r f a c e  

Two of the t i m e m u l t i p l e x e d  channels (W and Y )  serve as the input/output 

communication path f o r  t he  standard computer per iphera l  equipment. The re-  

maining channel (C) serves the ana log - to -d ig i t a l  converter,  accept ing d i a i t i z e d  

infDrmation and s t o r i n g  i t  i n  memory under/ The d i r e c t  access channel E services 
comouter con t ro l .  

the d i g i t a l - t o a n a l o g  converter,  and provides a terminal  f o r  an i n te r face  w i t h  

the main data processor ( c u r r e n t l y  an IBM 7094) i n  the adjacent Heal th  Sciences 

Computer Faci 1 i t y  (Fig. 3 ) .  

The d i g i t a l - t o - a n a l o g  converter accepts the 24 b i t  output from the computer 

E channel and provides X ,  Y and Z analog output s igna ls  t o  the SLIP console, and 

o the r  osc i l loscope d i s p l a y  funct ions.  The a n a l o g - t o - d i g i t a l  conversion system 

prov ides 16 analog inputs t o  the computer a t  sampling rates up t o  30,000 con- 

vers ions pe r  second. 
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The r e l a y  d r i v e r s  e n a b l e  t r a n s m i s s i o n  of s w i t c h a b l e  c o n t r o l  f u n c t i o n s  t o  

t h e  remote l a b o r a t o r y ,  u n d e r  program c o n t r o l .  In a d d i t i o n  t o  s e r v i n g  t h e  r e l a y  

d r i v e r s ,  t h e  24 POT l i n e s  a r e  used  by t h e  a d d r e s s  matrix of t h e  SLIP c o n s o l e  to  

e s t a b l i s h  communicat ion between remote l o c a t i o n s  and  t h e  computer .  The b a s i c  

t i m e - s h a r i n g  sys t em i n v o l v e s  two computer  program f u n c t i o n s ,  a c o m n u t a t o r  and  

t h e  i n t e r r u p t  p r o c e s s o r s .  

s c a n  a number of memory c e l l s ,  e q u a l  t o  t h e  number of c o n s o l e s  s h a r i n g  t h e  

computer .  On f i n d i n g  a c e l l  b e a r i n g  a zero, machine  c o n t r o l  i s  t r a n s f e r r e d  to  

t h e  a s s o c i a t e d  program u n t i  1 s e r v i c e  is comple t ed .  With c o n s o l e  g e n e r a t e d  

i n t e r r u p t s ,  t h e  i n t e r r u p t  p r o c e s s o r  c a u s e s  t h e  i n p u t  c h a r a c t e r  t o  be s t o r e d  

i n  memory, and  resets t h e  console. By a d e q u a t e  b u f f e r i n g ,  a d d i t i o n a l  i n t e r r u p t s ,  

a r r i v i n g  b e f o r e  s t o r a g e  of t h e  f i r s t  c h a r a c t e r  i s  comple t ed ,  are u l t i m a t e l y  

s t o r e d  i n  memory. 

A c t i v a t i o n  of t h e  s y s t e m  c a u s e s  t h e  c m u t a t o r  to  

U n l i k e  a t y p e w r i t e r  keyboard ,  where t h e  keys  a re  of a f i x e d  c o n t e x t ,  t h o s e  

of t h e  . c o n s o l e  'nave e n t i r e l y  v a r i a b l e  u p p e r  and  lower case meanings .  

of 64 u p p e r  and lower  c a s e  key d e f i n i t i o n s  is r e f e r r e d  t o  a s  a "con tex t  l eve l " ,  

and  t h e r e  a re  64 such  l e v e l s .  G e n e r a l l y ,  t h e  uppe r  case meanings  a r e  i n t e r p r e t e d  

a s  an a c t i o n  ( o p e r a t o r ) ,  w i t h  the lower case forming  t h e  o b j e c t  o f  t h a t  a c t i o n  

(ope  r and)  . 

Each set 

Development of t h i s  c o n s o l e  has  g r e a t l y  f a c i l i t a t e d  u t i l i z a t i o n  of t h e  

SDS 930 computer  by o p e r a t o r s  i n  t h e  computer  room, and  by t h e  i n v e s t i g a t o r  i n  

h i s  l a b o r a t o r y .  In  summary, t h e  combined s y s t e m  h a s  proved  a t h o r o u g h l y  f e a s i b l e  

method for p r e p a r a t i o n  of d a t a  f o r  subsequen t  more e x t e n s i v e  a n a l y s i s  on t h e  

l a r g e r  IBM 7094 compute r ,  and p r o v i d e s  a p p r o p r i a t e  d i s p l a y s  of computed o u t p u t s  

from t h a t  computer .  
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b .  Time s e r i e s  a n a l y s e s  of EEG d a t a ;  c o r r e l a t i o n  f u n c t i o n s ,  d i g i t a l  f i l t e r i n g  

and  spectral a n a l y s i s .  

E x t r a c t i o n  of p e r i o d i c  s i g n a l s  i n  n o i s e  h a s  been a l a s t i n g  r e q u i r e m e n t  

B a f f l e d  by  t h e  c o m p l e x i t y  and  for  t h e  c a n m u n i c a t i o n s  e n g i n e e r  (Lee, 1950). 

a p p a r e n t l y  random c h a r a c t e r  of t h e  EEG, t h e  n e u r o p h y s i o l o g i s t  a p p l  i ed  i t  

s i m i l a r l y  i n  h i s  s e a r c h  for  concea led  rhythms (Brazier and  Barlow,  1956; 

R o s e n b l i t h  et a l . , 1 9 5 9 ) .  E s s e n t i a l l y  t h e  p r o d u c t  of t h e  epoch  of r e c o r d  

r n u l t i p i  i ed  by i t s e l f  and  p r o g r e s s i v e l y  s h i f t e d  i n  t i m e ,  a n  a u t o c o r r e l a t i o n  

f u n c t i o n  c o n t a i n s  a1 1 the f r e q u e n c i e s  p r e s e n t  i n  t h e  o r i g i n a l  f u n c t i o n .  

T h i s  f u n c t i o n  and t h e  F o u r i e r  power spec t rum a re  t r a n s f o r m s  of e a c h  o t h e r  

(Wiener ,  1958) .  C r o s s - c o r r e l a t  ion of  p a i r s  of s i m u l t a n e o u s  EEG r e c o r d s  

d u r i n g  t r a i n i n g  p r o v i d e d  t h e  f i r s t  o p p o r t u n i t i e s  t o  examine  a s p e c t s  of 

p a t t e r n  between d i f f e r e n t  b r a i n  r e g i o n s  (Adey, Walter and  Hendr ix ,  1961). 

Yet t h e r e  a re  s e r i o u s  p r a c t i c a l  and  t h e o r e t i c a l  d i f f i c u l t i e s  i n  e x t e n d e d  

use of c o r r e l a t i o n  f u n c t i o n s  i n  ESG a n a l y s i s  (Adey, 1965a), r e l a t i n g  t o  

e r ro r s  a r i s i n g  i n  use of t r u n c a t e d  series (Benda t ,  1958) which d o  n o t  f u l f i l l  

t h e  ma themat i ca l  c o n s t r a i n t s  o f  a n  i n f i n i t e l y  long series. Al though  some phase  

i n f o r m a t i o n  can  be  e x t r a c t e d ,  f o r  p r a c t i c a l  p u r p o s e s  t h i s  is l i m i t e d  t o  phase  

r e l a t i o n s  a t  t h e  dominant  f r e q u e n c y  of t h e  c r o s s - c o r r e l o g r a m .  A much b r o a d e r  

window on t h e  i n t e r r e l a t i o n s  between d i f f e r e n t  b r a i n  r e g i o n s  i n  t h e  d e g r e e  of 

s h a r i n g  of a b road  s p e c t r u m  of f r e q u e n c i e s  can  be  o b t a i n e d  by c r o s s - s p e c t r a l  

a n a l y s i s  ( W a l t e r ,  1563). Blackman and Tukey (1959) have  emphas ized  t h a t  

estimates of f u n c t i o n s  of l a g ,  such  a s  a u t o c o r r e l a t i o n s  or a u t o c o v a r i a n c e s  

"have f l u c t u a t i o n s  t h a t  a re  so f a r  from independence  a s  t o  f r e q u e n t l y  f o o l  

a l r v o s t  anyone who examines  t a b l e s  or g r a p h s  of t h e i r  va lues" ,  and  t h e y  a d v i s e  
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The key t o  successful app l i ca t i on  o f  the d i g i t a l  computer i n  spec t ra l  

ana 1 ys i s  

spec i f i ed  

f l a t  -top , 

f i l t e r s  w 

opment o f  

functions 

ies i n  i t s  a b i l i t y  t o  funct ion as a narrow band f i l t e r ,  w i t h  p r e c i s e l y  

cha rac te r i s t i cs ,  which can a l s o  be modi f ied a t  w i l l  w i t h  respect t o  

shoulder and s k i r t  (Goodman, 1960). Problems of designing phys ica l  

t h  app rop r ia te l y  narrow s k i r t  c h a r a c t e r i s t i c s  have led  t o  the devel -  

these d i g i t a l  f i l t e r s ,  i n  wnich the d i g i t a l  f i l t e r  provides weight ing 

by which the t ime func t i on  i s  m u l t i p l i e d .  The sum of these products 

i s  taken as the output o f  t h e  d i g i t a l  f i l t e r .  

considered as having a narrow bandpass c h a r a c t e r i s t i c ,  as in an analog f i l t e r ,  

o r  the a p p l i c a t i o n  of a s e t  o f  d i g i t a l  f i l t e r s  t o  a f u n c t i o n  of t ime can be 

viewed as a d i s c r e t e  vers ion o f  a Four ier  tr6nsforrn. 

The weight ing funct ion can be 

Tukey (1965), i n  a recent elegant review o f  the power o f  spect ra l  ana lys i s  

i n  so l v ing  geophysical p r o b l e m ,  inc lud ing the de tec t i on  o f  long per iod ocean 

waves coming 20,000 k i lometers from the Ind ian Ocean t o  the coast of C a l i f o r n i a ,  

has pointed out t h a t  j u s t  so l ong  as the i n f o m a t i o n  needed about some phenomenon 

i s  expressed, a t  any one t ime a n d  place, i n  a d i s t r i b u t i o n  o f  a c t i v i t y  o r  energy 

o r  power over frequency, “we have a hope o f  going from the there-and-then t o  the 

here-and-now”. I n  the frame o f  reference o f  the electroencephalographer, we can 

expect t o  learn thereby the re la t i ons  between simultaneous b r a i n  wave a c t i v i t y  

i n  d i f f e r e n t  b r a i n  regions, w i t h  precise preservat ion o f  i n f o m a t i o n  about shared 

frequencies and phase r e l a t i o n s ,  not  merely a t  the dominant frequencies i n  a 

spectrum o f  a c t i v i t i e s ,  as i n  the cross-correlogram, but  w i t h  equal c l a r i t y  and 

prec.ision a t  each and every frequency i n  the cross-spectrum. 
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i t  is i n  our c a p a c i t y  t o  p r e c i s e l y  s p e c i f y  t h e  bandpass  c h a r a c t e r i s t i c s  

of t h e  d i g i t a l  f i l t e r ,  p a r t i c u l a r l y  in t h e  low f r e q u e n c y  r a n g e  be tween 0.5 

and 10 c y c l e s  p e r  s e c o n d ,  t h a t  h a s  e s t a b l i s h e d  its s u p e r i o r i t y  over a n a l o g  

methods. S i n c e  i t s  phase  s h i f t  is zero, i t  h a s  become p o s s i b l e  t o  measu re  for 

t h e  f i r s t  t i m e  t h e  phase  r e l a t i o n s  between EEG wave t r a i n s  a t  e a c h  f r e q u e n c y  

across t h e  s p e c t r u m ,  a s  we1 1 a s  s h a r e d  amp1 i t u d e s  between them a t  e a c h  f r equency .  

! 963 ; 

a t i o n  

v a r i a b i l i t y  i n  1 n e a r  

From p i o n e e r i n g  s t u d i e s  by o u r  c o i i e a g u e  3 .  0. 'rr'altzr 

W a l t e r  and  Adey,  1963; W a l t e r ,  1963), we have  come t o  

of t h e  cohe rence  f u n c t i o n ,  a s  a measure of s t a t i s t i c a  

i n t e r r e l a t i o n s h i p s  between b r a i n  r e g i o n s .  

(Adey 3nd Wa!ter, 

t h e  r o u t i n e  c a l c u  

I n  o u r  h a n d s ,  t h e  v a l u e  of cohe rence  c a l c u l a t i o n s  a s  a b a s i s  fo r  s h a r p  

d e l  i n e a t i o n  of s h i f t i n g  EEG p a t t e r n s  i n  s p e c i f i e d  states of s l e e p  and  wake- 

C l  ~ u l n e s s  h a s  been paramount .  The magni tude  of t h e  c o h e r e n c e  f u n c t i o n  may b e  

e x p  res s e d  : 

c o h ( f )  = VAGS(f)/ASX(f)ASY(f) 

where  MAGS(f) i s  t h e  mean cross-spectral  magn i tude  a t  f r equency  f ,  and  ASX(f) 

i s  t h e  a u t o s p e c t r u m  of X and  ASY(f) is t h e  a u t o s p e c t r u m  of  Y ,  a t  t h e  r e s p e c t i v e  

f r e q u e n c i e s .  The  cohe rence  f u n c t i o n  i s  e x p r e s s e d  between 0 and  1 ,  and  i s  a 

measu re  of t h e  l i n e a r  p r e d i c t a b i l i t y  of a c t i v i t y  i n  a n y  a rea ,  on  t h e  b a s i s  of 

knowing t h e  a c t i v i t y  i n  a n y  o t h e r  a r e a ,  or series of areas. 

3. Examoles o f  s D e c t r a l  a n a l v s e s  of EEG d a t a :  

use o f  c o n t o u r  p l o t s  and  t h r e e  d imens iona l  d i s p l a y s  

Con t inuous  c o n t o u r  p l o t s  of s p e c t r a l  d e n s i t y  and cohe rence  have  proved  

most u s e f u l  t o o l s  i n  compress ion  o f  l o n g  e p o c h s  of d a t a  i n t o  a s i n g l e  p l o t ,  

w h i l e  r e t a i n i n g  a1  1 e s s e n t i a l  i n f o r m a t i o n  r e l a t i n g  t o  t r a n s i t i o n s  o c c u r i n g ,  
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s i n c e  a h 

a i l  p a i r s  

t h e  b i occ 

f o r  example ,  d u r i n g  v i s u a l  d i s c r i m i n a t i o n s  and  a u d i t o r y  v i g i l a n c e  t a s k s .  

I n  F i g .  4 are  p l o t t e d  a u t o s p e c t r a  from s i m u l t a n e o u s  s c a l p  l e a d s  d u r i n g  t h e s e  

p e r f o r m a n c e s ,  which c o v e r e d  a t e s t  p e r i o d  of a p p r o x i m a t e l y  one hour .  

i n  d e n s i t i e s  a t  1 t o  2 c y c l e s  p e r  second in  l e f t  and  r i g h t  c e n t r o p a r i e t a l  a n d  

l e f t  p a r i e t o o c c i p i t a l  l e a d s  were a s s o c i a t e d  w i t h  s u b s t a n t i a l l y  g r e a t e r  d i f f i c u l t y  

of t h e  t a s k  i n  t h e  second  pe r fo rmance .  An e v e n  g v e a t e r  d i f f e r e n c e  w i l l  b e  n o t e d  

i n  a l l  l e a d s  between r e c o r d s  d u r i n g  v i s u a l  d i s c r i m i n a t i o n  and  d u r i n g  a n  a u d i t o r y  

v i g i l a n c e  t a s k  w i t h  e y e s  c l o s e d .  These p a r a m e t e r s  form p a r t  o f  a scheme of 

au tomated  p a t t e r n  r e c o g n i t i o n  d e s c r i b e d  below. 

D i f f e r e n c e s  

S i m i l a r  p l o t s  o f  c o h e r e n c e  from s c a l p  l e a d s  d u r i n g  a u d i t o r y  v i g i l a n c e  

t a s k s  ( F i g .  5) p r o v i d e  a c o n t i n u o u s  measure of 1 i n e a r  i n t e r r e l a t i o n s h i p  between 

p a i r s  of l e a d s  a t  a l l  f r e q u e n c i e s  from 0.5 t o  15 c y c l e s  p e r  second (Adey, 1965a) .  

Ev idence  from such  p l o t s  s u g g e s t s  both l o n g i t u d i n a l  a n d  t r a n s v e r s e  g e n e r a t o r s ,  

gh c o h e r e n c e  in  t h e  a l p h a  band c h a r a c t e r i z e s  i n t e r r e l a t i o n s  between 

o f  l o n g i t u d i n a l  l e a d s ,  b u t  v e r y  l i t t l e  c o h e r e n c e  was found between 

p i t a 1  l e a d  i n  a n y  p a r t  of the s p e c t r u m ,  d e s p i t e  a powerful  b u t  

unchang ing  a l p h a  a c t i v i t y  t h r o u g h o u t  t h e  test. 

f u n c t i o n  a n a l y s i s  on t h e  b a s i s  o f  1 inear t r a n s f e r  f u n c t i o n s  h a s  been d i s c u s s e d  

i n  d e t a i l  e l s e w h e r e  (Walter a n d  Adey, 1965a ,  b ) .  

T h i s  q u e s t i o n  of g e n e r a t o r  

D i f f e r e n t  t y p e s  of d i s p l a y s  of a u t o s p e c t r a l  d e n s i t i e s  and a s s o c i a t e d  

c o h e r e n c e  f u n c t i o n s  were used i n  studies i n  t h e  monkey of t h e  effects o f  

whole body v i b r a t i o n  on t h e  EEG i n  s u r f a c e  and d e e p  b r a i n  s t r u c t u r e s  (Adey, 

Kado and Walter, 1965). 

R e s u l t s  p r e s e n t e d  e l s e w h e r e  have i n d i c a t e d  t h e  p r e s e n c e  of a "d r iv ing"  

i n  EEG r e c o r d s  frm c o r t i c a l  and s u b c o r t i c a l  s t r u c t u r e s  d u r i n g  whole body 

. I  L - ' -  =---..---:*- 7 -  the c?~rtrl lrn nf 4 to 40 c v c l e s  Der v i u i a t . ~ ~ ~ ~ ,  a~ b s i t  ~ u r a a  t a - - , ~ - ~ . - . - -  . .  

s e c o n d ,  and  26 peak-to-peak i n  t h e  range from 13 t o  40 c y c l e s  p e r  s econd  
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(Adey , Kado, Winters and DeLucch i , 1963) . 
More recent studies with extensive computer 

Walter, 1965) have shown.little or  no evidence of 

per second despite powerful head movements. Driv 

frequency selective and maximal in the range 10 t 

nalyses (Adey, Kado and 

EEG driving below 9 cycles 

ng at the shaking rate was 

15 cycles per second. 

However, in many instances, maximum EEG energy peaks occurred at other than 

shaking frequencies, and without harmonic relationship to shaking frequencies 

(Fig. 6). 

between cortical and subcortical leads at EEG frequencies unrelated to con- 

current shaking frequencies, and absent from basel ine records before or after 

shaking (Fig. 7). 

and subcortical leads were below significant levels at fundamental driving 

frequencies below 1 1  cycles per second, a1 though significant coherence peaks 

appeared at other EEG frequencies. Shaking in the range 1 1  to 17 cycles per 

Calculations of coherence, or 1 inear predictabiiity, .iem 5ish 

Coherence between head and table accelerometers and cortical 

second produced many coherent relationships at fundamental driving frequencies, 

znd at harmonica1 ly related and unrelated EEG frequencies. 

analyses have provided evidence not available by other means that the effects 

of vibration on concurrent EEG activity, including the frequency selective 

driving, do not arise in simple electromechanical artifacts, but may have their 

These computed 

origins in physiolog 

use of display .techn 

data. 

cal mechanisms. Much significance also attaches to the 

ques that allow ready interpretation of multi-dirnensiona 

4. Appl ications of spectral methods in EEG basel ine analysis; 

the normative 1 ibrary 

It has long been a matter of concern that definition of EEG patterns has 

I G 2 L \ - ” ,  --* I . ”_  - - l * p  -.. . , n- _.. tI-0 ctthiective o~inion of the investigator, but also on Wide 
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i n d i v i d u a l  v a r i a t i o n s  i n  a p p a r e n t l y  normal s u b j e c t s .  We h a v e ,  t h e r e f o r e ,  

s o u g h t  t o  e s t a b l i s h  by computer  a n a l y s i s  t h e  p r e s e n c e  of c m o n  EEG factors 

in  a s i g n i f i c a n t  p o p u l a t i o n  of a s t r o n a u t  c a n d i d a t e s ,  b o t h  i n  r e l a t i o n  t o  t a s k  

p e r f o n n a n c e s  a n d  i n  assessment of s l e e p  s t a t e s .  

In  d e t a i l e d  s t u d i e s  t o  be r e p o r t e d  e l s e w h e r e  ( W a l t e r ,  Rhodes,  Kado and  

Adey, 1966), a series of 200 a s t r o n a u t  c a n d i d a t e s  were t e s t e d  in  a series of 

p e r c e p t u a l  a n d  l e a r n i n g  t a s k s ,  by means of a programming d e v i c e ,  a 'eveioped i n  

o u r  l a b o r a t o r y  by Raymond T. Kado, and u s i n g  a m a g n e t i c  t a p e  command s y s t e m  

t o  e n s u r e  a c c u r a t e  t i m i n g  i n  t a s k  p r e s e n t a t i o n  from one s u b j e c t  t c  t h e  n e x t .  

S u b j e c t  t e s t i n g  and  EEG r e c o r d i n g  were pe r fo rmed  by Dr. P. Kel laway ar ld  Dr. 

R. Maulsby,  a t  t h e  M e t h o d i s t  H o s p i t a l ,  Houston.  

r e c o r d e d  on m a g n e t i c  t a p e ,  t o g e t h e r  w i t h  command s i g n a l s ,  for s u b s e q u e n t  compute r  

a n a l y s i s .  T h i s  d a t a  c o n s t i t u t e s  a no rma t ive  1 i 5 r a r y Y  and  i n c l u d e s  n o t  o n l y  

18 EEG c h a n n e l s  from a l l  s c a l p  a r e a s ,  b u t  a l s o  t h e  e l e c t r o o c u l o g r a m  (EOG), 

e l e c t r o c a r d i c g r a m  (EKG), g a i v a n i c  s k i n  r e s p o n s e s  (GSR) and r e s p i r a t i o n .  

P h y s i o l o g i c a l  d a t a  was 

A series of 50 s u b j e c t s  were s e l e c t e d  a t  random from t h e  t o t a l  of 200, 

and i n t e n s i v e  s p e c t r a l  a n a l y s e s  performed.  Each h o u r  of s u b j e c t  d a t a  r e q u i r e d  

25 h o u r s  o f  main computa t ion  time, where in  r n u l t i p l  i c a t i o n s  were pe r fo rmed  a t  

a p p r o x i m a t e l y  5OO,OOO p e r  second .  

have  been j u s t i f i e d ,  i n  t h a t  i t  h a s  a l l o w e d  s e l e c t i o n  o f  v a r i a b l e s  for  a 

p o s s i b l e  o n - l i n e  sys t em t h a t  would b e  f a r  less demanding i n  computer  r e q u i r e m e n t s .  

The s c o p e  of such  a n  a n a l y s i s  a p p e a r s  t o  

To s y n t h e s i z e  t h e  d a t a ,  an a v e r a g i n g  p r o c e d u r e  was a d o p t e d  on t h e  s p e c t r a l  

o u t p u t s ,  c o v e r i n g  a l l  50 s u b j e c t s  i n  t h e  v a r i o u s  test s i t u a t i o n s ,  a n d  i n  s e l e c t e d  

s l e e p  e p o c h s .  

a s  a series of b a r  g r a p h s  (F ig .  8),  c o v e r i n g  t h e  s p e c t r u m  from 0 t o  25 c y c l e s  

n-r r -  c-ronrf -  F i r s t .  a n  a v e r a q e  was p r e p a r e d  of s p e c t r a l  d e n s i t i e s  a t  e a c h  s c a l p  

These  a v e r a g e s  were made f o r  e a c h  s c a l p  r e g i o n ,  and a r e  p r e s e n t e d  
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recording s i t e  f o r  a l l  t e s t  epochs (Fig. 8, top  l e f t ) ,  i nc lud ing  s i t t i n g  w i t h  

eyes closed a t  res t ,  eyes closed dur ing 1 per second f l a s h  s t i m u l i ,  du r ing  an 

a u d i t o r y  v i g i l a n c e  task,  du r ing  v i sua l  d i sc r im ina t i ons  a t  3 second i n t e r v a l s ,  

and a s i m i l a r  se r ies  o f  more d i f f i c u l t  d i sc r im ina t i ons  a t  1 second i n t e r v a l s .  

The contours o f  these "lumped'' spectra were then used as the  mean f o r  

comparison w i t h  the spectra f o r  the i nd i v idua l  s i t ua t i ons .  The subsequent 

graphs i n  Fig. 8 thus show the v a r i a t i o n s  a b w t  the iiieaii e;taS!lshed hy the 

average over 12 s i t u a t i o n s  i n  the top l e f t  f i gu re .  Spectral  d e n s i t i e s  above 

the mean a t  any frequency have bars above the basel ine,  and v i c e  versa. It 

w i l l  be seen t h a t  such a d i s p l a y  c l e a r l y  separates spectra 

bu t i ons  f o r  the 50 subjects i n  the f i v e  s i t u a t i o n s  shown. 

d i s t r i b u t i o n s  f o r  more d i f f i c u l t  v i sua l  d i sc r im ina t i ons  (F 

exempl i f y  t rends t h a t  a1 ready character ize d i sc r im ina t i ons  

(Fig. 8, lower middle). Pa t te rn  r zcogn i t i on  techniques de 

dens i t y  d i s t r i -  

I n  p a r t i c u l a r ,  the 

g. 8, lower r i g h t )  

made i n  three seconds 

cr ibed below c l a r i f y  

d i f f e rences  betwzen records i n  thsse twa tasks. It i s  a l s o  poss ib le  t o  compare 

an i nd i v idua l  w i t h  the mean f o r  the group, o r  w i t h  h i s  own mean, using a two- 

co 1 o r  d i sp 1 a y t e  chn i que. 

S i m i l a r  averages were made f o r  30 subjects I n  various stages of sleep and 

droNsiness (Figs. 9 and 10). Hsre, the mean was establ ished by an average over 

7 stages o f  presleep, s leep and postsleep, and thus became the basel ine f o r  

measurement o f  variance f o r  i nd i v idua l  s leep states.  It w i l l  be noted t h a t  

s t a t e s  o f  drowsiness, and l i g h t ,  medium and deep sleep can be r e a d i l y  d i s t i n -  

guished from each other ,  bu t  t h a t  separation o f  deep "slow wave" s leep from 

subarousal w i t h  "K-cmplexesl' i s  155s clear.  
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5. Application of simple pattern recognition techniques 

to spectral parameters for definition of states of attention 

Discriminant analysis was applied to these spectral outputs in four subjects 

(Walter, Rhodes and Adey, 1965) covering five situations: 

eyes open at rest, an auditory vigilance task, and the two visual discriminative 

eyes closed at rest, 

L - -  La>kf usa-e - l - e - ~ : h m r l  lyIl ahnve ____- i  A computer program attempted t o  assign each segment to 

the situation from which it came, using measurements derived from four EEG 

channels: left and right parieto-occipital (P3-01 and P4-02), vertex (F2-C2), 

and bioccipital (01 -02). Each channel 's activity was analyzed into 4 frequency 

bands, corresponding to the classical delta (1.5 to 3.5 cycles per second), theta 

(3.5 to 7.5 cycles per second), alpha (7.5 to 12.5 cycles per second) and beta 

(12.5 to 25 cycles per second) bands. In each band, measurements were made of 

the strength of activity in each channel, mean frequency within the band (the 

dominant frequency when present), bandwidth within the band (an expression o f  the 

regularity of the dominant frequency), and the coherence between pairs of channels. 

This discriminant analysis program initially considers all the measurements 

for a1 1 the segments, and selects that parameter which best discriminates segments 

recorded in different situations. It then reexamines all measurements and chooses 

the parameter which will add most to the discriminating power of the first measure- 

ment. It calculates five linear functions of those two measurements whose values 

differ as much a s  possible among the situations. 

iteration of selecting and calculating linear functions, until insufficient 

irn?rovement i s  made by adding another parameter. 

The program continues this 

The four variables which best distinguish among the five situations are: 

left parieto-occipital alpha intensity, the mean frequency of theta-band activity 

in the vertex, the coherence in the theta band between lett pariew-ulcip;;=: 



-14- 

and vertex, and coherence in the beta band between vertex and bioccipital leads. 

A detailed account of the respective contributions of each o f  these variables 

to the identification of each of these situations is given elsewhere (Walter, 

Rhodes and Adey, 1965). 

The separate analysis of each subject's records in the same way yielded a 

higher proportion of correct classifications than the group analysis. 

own best four measurements, between 62 and 69 per cent of a single subject's 

samples were correctly classified, as contrasted with 51 per cent for the subjects 

simultaneously (Fig. 11). 

were selected. Individually, 95, 93, 96 and 90 per cent were correct, while for 

the subjects together, only 65 per cent were correctly classified. 

appear that each subject may have a spatially and numerically characterized 

individual EEG "signaturel', as to which measurements are most effective in 

d i st ingui sh ing d i f ferent s i tuat ions. 

With his 

An even greater disparity appeared aftcr 15 measurements 

It would thus 

6. Studies o f  the essential nature of the electroencephalogram: 

its cellular origins, and possible role in infomation 

transaction, storage and recall 

It would indeed be disappointing if application of these computational 

techniques were confined to studies in grosser aspects o f  cerebral system 

organitat ion, useful though this might be. We have, therefore, sought evidence 

for slow, wave-like processes at the level o f  single cells, occurring independ- 

ently of actual neuronal discharge, and contributing to the process recorded as 

the electroencephalogram from larger domains of tissue. 
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l n t r a c e l  l u l a r  recording i n  unanesthetized c o r t i c a l  neurons i n  our 

laboratory  (E lu l ,  1965; Adey and E l u l ,  1965) has revealed a la rge  wave process, 

from 5 t o  15 m i l l i v o l t s  i n  ampli tude, which appears t o  a r i s e  i n  the d e n d r i t i c  

branches o f  the c e l l ,  ra ther  than i n  the soma (Fig. 12). Spect ra l  ana lys is  

o f  t h i s  wave process has ind icated tha t  i t s  dens i t y  d i s t r i b u t i o n  c lose ly  fo l l ows  

t h a t  of the EEG recorded gross ly  i n  the same domain o f  t i ssue .  Despite t h i s  

s i m i l a r i t y  o f  dens i ty  contours, ca lcu la t ions  o f  coherence between the Intra= 

c e l l u l a r  and gross EEG records have shown t h a t  there i s  v i r t u a l l y  no 1 inear 

r e l a t i o n s h i p  between the  two processes (Fig. 13), so t h a t  the populat ion o f  

neuronal generators appear t o  be independent and non l i nea r l y  re la ted  ( E l u l ,  1965). 

The wave process recorded e x t r a c e l l u l a r l y  a r i ses  from generators no l a r g e r  than 

c e l l u l a r  dimensions (E lu l ,  1962), and has an ampli tude less  than one hundredth 

o f  the i n t r a c e l l u l a r  wave process. E lu l  has suggested t h a t  the occurrence of 

a rhythmic EEG as the i n t e g r a l  o f  a c t i v i t y  i n  such a popu la t ion  o f  independent 

and nonl i nea r l y  re la ted  generators may be mathematical ly modeled i n  tenns o f  

the cen t ra l  l i m i t  theorem o f  Cramer (1955). 

The pa t te rns  of EEG waves described above, and the indub i tab le  evidence 

o f  comparable processes a t  the c e l l u l a r  eve1 have suggested t h a t  they are 

concerned i n  the t ransac t ion  o f  informat on. The evidence f u r t h e r  suggests 

t h a t ,  a t  the l eve l  o f  the ind iv idua l  neuron, the c e l l  may func t i on  as a phase 

comparator f o r  pa t te rns  o f  waves sweeping i t s  d e n d r i t i c  surface i n  space and 

time. Moreover, the wave process may under1 i e  the l a s t i n g  physico-chemical 

changes associated w i t h  storage o f  in format ion i n  cerebra l  t i ssue.  I n  such a 

scheme, r e c a l l  o f  in format ion would depend on the reestabl ishment i n  t h a t  

domain o f  t i ssue  o f  wave pa t te rns  that resembled, bu t  were no t  necessar i l y  

I u c I I L . ( ~ y ,  . . I - ? ,  e_+=- accnriated wi th  the i n i t i a l  experience (Adey and Walter, 1963). - 1  . * - - *  . . . +  

I 
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The threshold for firing of the individual neuron would be critically dependent 

on computed evaluation of stochastic modes of operation in sizable populations 

of neurons, as well as at the level o f  the single cell. We are thus already 

far removed from simple concepts of pulse-coded nerve nets, or connectivity 

diagrams of intrinsic cerebral organization. A specific model of these processes 

is discussed elsewhere in terms of single, or limited numbers of generation 

processes, spatially organized and characteristically shared between different 

domains of cortical tissue (Walter and Adey, 1963; 1965b). 

Yet even here, let us beware of any comfortable notion that storage of 

information in cerebral tissue, its unique and most characteristic function, 

occurs exclusively within its neuronal compartment. Our measurement of 

electrical impedance in small volumes of cerebral tissue in the course of 

alerting, orienting and discriminative stimuli, has revealed, with the aid of 

cornputat ional techniques, regional differences in Jkvoked" impedance responses 

accompanying learned responses, and their dependence on levels of learning in 

training and extinction trials. 

impedance measuring current, presumably through extracellular fluid character- 

ized by a substantial content o f  macromolecules and susceptibility to divalent 

cations, such as calcium, or  through neuroglial elements surrounding nerve cells, 

has seriously imp1 icated these two perineuronal cunpartments in the transaction 

and storage of information in brain tissue (Adey, Kado, Didio and Schindler, 

1963; Adey, Kado, Hcllwain and Walter, 1966). 

The extraneuronal course of the bulk of the 

What, then, of the future of computational applications in neurophysiological 

research? Our studies have ernphas ized the continuing role and st i 1 1  evolving 

power of spectral analysis to detect aspects of pattern in the seemingly 

random processes of the EEG, particularly wnen L U U ~ ; S = ~  w ~ L : ~  p ~ t t ~ r :  r : : ~ ~ ~ + ; n n  a'.. - - 
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techniques. Much remains t o  be done i n  t h i s  area o f  p a t t e r n  recogni t ion,  

and i n  d i sp lay  techniques a r i s i n g  therefrom. Only through d i l i g e n t  and 

chal lenging developments i n  these areas can we hope t o  see f u l l  consummation 

of  the a p p l i c a t i o n s  o f  spect ra l  analys is  t o  neurophysiological  prob1ems;and 

come w i t h i n  s i g h t  o f  Tukey's goal o f  passing "from the then-and-there t o  the 

here-and-now". 

nature o f  the phys io log ica l  processes revealed by 1 inear  t ime se r ies  analyses 

o f  the spec t ra l  type. The evidence suggests t h a t  organizat ion a t  the l e v e l  

o f  c e l l u l a r  domains involves e s s e n t i a l l y  nonl inear  processes, ana t h a t  i n  

broader aspects o f  cerebral  system i n t e r r e l a t i o n s ,  nonl inear  t r a n s f e r  funct ions 

may be o f  v i t a l  importance, and would tend t o  escape us c a p l e t e l y  w i t h  cu r ren t  

Yet we may ask more fundamental questions about the prec ise 

forms o f  spect ra l  analys is .  

It i s  here t h a t  the phys io log i s t  comes face t o  face w i t h  the f r i nges  o f  

current  a r t s  i n  app l i ed  mathematics, f o r  there a re  c u r r e n t l y  few techniques 

t h a t  o f f e r  even modest praspects o f  success i n  deal ing e f f e c t i v e l y  w i t h  non- 

l i n e a r  systems i n  massive data analysis.  I n  seeking poss ib le  so lu t i ons  t o  

what promises t o  be a major conf rontat ion i n  the progressive e v o l u t i o n  of our  

a n a l y t i c  techniques, we may we l l  ask whether t o  pursue f u r t h e r  t ime se r ies  

ana lys i s  i n  i t s  cu r ren t  form, o r  whether, as recen t l y  suggested by Svoboda 

(1964), we would do b e t t e r  t o  consider analyses based on l o g i c a l  statements, 

and app l i ed  a t  t he  l eve l  o f  the simplest transforms of EEG data, as, f o r  

example, t o  the outputs o f  d i g i t a l  f i l t e r s ,  proceeding thereby t o  develop 

m a t r i x  t h a t  might un iquely  describe a unique phys io log ica l  s i t u a t i o n ,  and 

so complex as t o  not  r e a d i l y  reveal i t s  p a t t e r n  i n  l i n e a r  t ime se r ies  ana 

a 

one 

y s i s .  
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Clear ly ,  the opt imal methods o f  data analys is  f o r  e l e c t r o p h y s i o l o g i c a l  records 

remain f o r  f u t u r e  devis ing,  based on appropr iate considerat ion o f  the unique 

complexi t ies of cerebra l  organizat ion.  Nevertheless, we may reasonably c la im 

t o  have taken the f i r s t  h a l t i n g  steps i n  computer a p p l i c a t i o n s  t h a t  have 

revealed novel aspects o f  c e n t r a l  nervous organizat ion,  and which have, i n  

tu rn ,  suggested new experimental designs and needs f o r  new and d i f f e r e n t  

computational methods, wherein the f l e x i b i l i t y  o f  the general purpose d i g i t a l  

computer, i n  minor s o r t i e s  o r  major confrontat ions,  i s  paramount (Adey, 1965a). 

Summary 

A data a c q u i s i t i o n ,  ana lys i s  and d i s p l a y  system f o r  time-shared use by a 

group o f  neurophysio og i ca l  invest igators  i s  described. App l i ca t i ons  o f  

spec t ra l  ana lys i s  t o  a normative l i b r a r y  o f  EEG data i n  s ta tes  o f  s leep and 

wakefulness i s  descr bed, w i t h  establ ishment o f  base1 ines f o r  a d u l t  males i n  

the course o f  simple a l e r t i n g ,  v ig i l ance  task performance and i n  v i s u a l  

d i scr imi  nat  ions o f  increasing d i f f  i cu l  t y .  

were appl ied t o  such data from ind i v idua l  subjects,  w i t h  good accuracy i n  auto-  

mated recogn i t i on  of EEG s ta tes  accompanying d i f f e r e n t  l e v e l s  o f  focused 

a t t e n t i o n .  The use o f  computer analys is  i n  ana lys i s  of int raneuronal  wave 

records i s  described, and a phys io log ica l  model of genesis o f  the EEG i n  a 

populat ion of neuronal wave generators having independent and nonl inear  

c h a r a c t e r i s t i c s  i s  discussed. Possible fu tu re  t rends i n  electrophys i o l o g  ica 1 

data analys is  a re  reviewed. 

Simple p a t t e r n  recogn i t i on  techniques 
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Legends to F i g u r e s  

F i g .  1 .  A g e n e r a l  schema of t h e  sys t em used  i n  t h e  Data P r o c e s s i n g  L a b o r a t o r y  

of t h e  B r a i n  Resea rch  I n s t i t u t e ,  U n i v e r s i t y  of C a l i f o r n i a  a t  Los A n g e l e s .  

A b b r e v i a t i o n s :  

I B M  7094 compute r ;  MTU, m a g n e t i c  t a p e  u n i t ;  TMCC, t i m e m u l t i p l e x e d  c o n t r o l  

c h a n n e l ;  DACC, d i r e c t  access c o n t r o l  c h a n n e l ;  AD, a n a l o g - t o - d i g i t a l  

c o n v e r t e r ;  D/A, d i g i t a l  - t o - a n a l o g  c o n v e r t e r .  

HSCF, Health S c i e n c e s  Computing F a c i l i t y ,  e q u i p p e d  w i t h  

F i g .  2. SLIP c o n s o l e  fo r  t ime-sha red  remote o p e r a t i o n  of  SDS-930 computer .  

(See  t e x t ) .  

F i g .  3. G e n e r a l  a r r a n g e m e n t  of t h e  sys t em i n t e r r e l a t i o n s  i n  t h e  SDS 330 - 
I B M  7040 - I B M  7094 compute r s ,  showing main streams of d a t a  f low.  

F i g .  4. Con tour  p l o t s  of a u t o s p e c t r a l  d e n s i t y  i n  s ix  EEG c h a n n e l s  r e c o r d e d  

s i m u l t a n e o u s l y  d u r i n g  performance of v i s u a l  d i s c r i m i n a t i o n  t a s k s  i n  

3 s e c o n d s  ( epochs  60 th rough  7 9 ) ,  f o l l o w e d  by more d i f f i c u l t  v i s u a l  

d i s c r i m i n a t i m s  e a c h  performed i n  1 second ( epochs  1 0 0 - l l ? ) ,  a n d  

l e a d i n g  t o  a n  a u d i t o r y  v i g i l a n c e  t a s k  p r e s e n t e d  a t  5 second  i n t e r v a l s  

(epoch 5 6 ) .  

many m i n u t e s .  

T h i s  condensed p r e s e n t a t i o n  c o v e r s  a n  e l a o s e d  t i m e  of 

F i g .  5. P l o t s  of c o n t o u r s  of cohe rence  between p a i r s  of t r a c i n g s  t a k e n  from 

s c a l p  l o c a t i o n s  i n d i c a t e d .  L o n g i t u d i n a l l y  o r i e n t e d  l e a d s  showed h i g h  

c o h e r e n c e s  between a l l  p a i r s ,  p a r t i c u l a r l y  i n  t h e  a l p h a  band a t  10-11 

c y c l e s  p e r  s e c o n d ,  b u t  c o h e r e n c e  between a b i o c c i p i t a l  l e a d  a n d  a l l  

o t h e r s  remained l o w  t h r o u g h o u t  t h e  test. (From Adey, 1965a). 
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Fig .  6.  Models of a u t o s p e c t r a l  c o n t o u r s  i n  norma1 monkey b e f o r e  and  d u r i n g  

s h a k i n g  a t  d e c r e a s i n g  f r e q u e n c i e s  from 17 t o  5 c y c l e s  p e r  s e c o n d .  

EEG s p e c t r u m  d e p i c t e d  on a b s c i s s a e ,  v i b r a t i o n  s p e c t r u m  on o r d i n a t e s ,  

and  s p e c t r a l  power on Z-axis ( i n  m i c r o v o l t s  s q u a r e d  p e r  c y c l e  p e r  

s econd)  f o r  v i s u a l  c o r t e x  ( A ) ,  amygdala ( B ) ,  n u c l e u s  centrum medi -  

anum ( C ) ,  m i d b r a i n  r e t i c u l a r  f o r m a t i o n  ( D ) ,  and  head a c c e l e r o m e t e r  (E). 

(From Adey, Kado and  W a l t e r ,  1965). 

P l o t s  o f  c o h e r e n c e  (1 i n e a r  p r e d i c t a b i l  i t y )  between centrum medianum 

and v i s u a l  c o r t e x  ( A ) ,  v e r t i c a l  head accelerometer ( B ) ,  and t a b l e  

a c c e l e r o m e t e r  (C) d u r i n g  v i b r a t i o n .  

v i s u a l  cortex and m i d b r a i n  r e t i c u l a r  f o r m a t i o n  ( D ) ,  head accelerometer 

(E) and  t a b l e  a c c e l e r o m e t e r  ( F ) .  

t h e  v i b r a t i o n  s p e c t r u m ,  and  Z a x l s  the l e v e l  o f  cohe rence .  With 12 

d e g r e e s  o f  f reedom,  cohe rence  l e v e l s  were s i g n i f i c a n t  above  0.516. 

S i g n i f i c a n t  cohe rence  l e v e l s  a t  t h e  s h a k i n g  f r e q u e n c y  a r e  shown i n  

s o l i d  b l a c k ,  and a t  p o i n t s  away from t h e  s h a k i n g  f r e q u e n c y  i n  s t i p p l e .  

(From Adey, Kado and W a l t e r ,  1965). 

Averaged s p e c t r a l  d e n s i t i e s  o v e r  t h e  r ange  0 t o  25 c y c l e s  p e r  second 

f o r  a p o p u l a t i o n  o f  50 s u b j e c t s ,  w i t h  each spec t rum p r e s e n t e d  a s  a 

series o f  b a r s  a t  1 c y c l e  pe r  second i n t e r v a l s ,  and  l o c a t e d  a t  t h e  

a p p r o p r i a t e  l o c a t i o n  on t h e  s c a l p .  The t o p  l e f t  f i g u r e  is an a v e r a g e  

f o r  a l l  s u b j e c t s  across 12  s i t u a t i o n s  (See text) .  The c o n t o u r  of 

t h i s  a v e r a g e  was t h e n  used a s  t h e  mean a g a i n s t  which t o  measure 

d e v i a t i o n s  i n  t h e  succeed ing  f i v e  s i t u a t i o n s ,  w i t h  powers a t  any  

f r e q u e n c y  above  t h e  mean shown a s  a b a r  above  t h e  b a s e l i n e  and  

v i c e  v e r s a .  C a l i b r a t i o n s  f o r  a v e r a g e  o v e r  12 s i t u a t i o n s  i n  m i c r o v o l t s  

s q u a r e d  p e r  second p e r  c y c l e ;  f o r  t h e  s e p a r a t e  s i t u a t i o n s ,  i n  

s t a n d a r d  d e v i a t i o n s .  (From W a l t e r .  Rhodes,  Kado and Adey, 1966). 

F i g .  7. 

S i m i l a r  p l o t s  a r e  shown be tween 

A b s c i s s a e  show EEG s p e c t r u m ,  o r d i n a t e s  

F ig .  8. 
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Fig. 9. 

Fig. 10. 

Fig. 11. 

* 

F i g .  12. 

Averages prepared as i n  Fig. 8 f o r  a popu la t ion  o f  30 subjects  i n  

7 stages o f  presleep, sleep and postsleep, and the separate averages, 

w i t h  d i sp lay  o f  dev ia t i on  fran the mean developed i n  Fig. 9A, i n  the 

succeeding heads fo r  eyes closed awake, drowsy and l i g h t  sleep records. 

(From Walter, Rhodes, Kado and Adey, 1966). 

Averages prepared as  i n  Figs. 8 and 9 f o r  medium sleep, deep sleep, 

subarousal, and arousal  t o  aud i to ry  s t i m u l i .  (From Walter, Rhodes, 

Kado and Adey, 1966). 

Pat te rn  recogn i t ion  techniques appl ied t o  spec t ra l  outputs f rom 4 

subjects ,  separate ly  and j o i n t l y ,  w i t h  development of a m a t r i x  d i s p l a y  

o f  automated c l a s s i f i c a t i o n s  f o r  f i v e  s i t ua t i ons :  EC-R, eyes closed 

res t ing ;  EO-R, eyes open rest ing;  EC-T, eyes closed wh i le  per fo tm ng 

an aud i to ry  v ig i l ance  task; EO-T-3, performing moderately d i f f i c u  t 

v i sua l  d i sc r im ina t i ons  i n  3 seconds; EO-T-1, performing d i f f i c u l t  

v i sua l  d i sc r im ina t i ons  i n  1 second. (From Walter, Rhodes and Adey, 1965). 

Simultaneous records of EEG from c o r t i c a l  surface ( top  t race  i n  each 

p a i r )  and i n t r a c e l l u l a r  wave a c t i v i t y  (lower t race  i n  each p a i r )  i n  

unanesthetized cat cor tex.  

waves i n  bo th  c o r t i c a l  and i n t r a c e l l u l a r  records dur ing  sleep, w i t h  

f a s t e r  records in  waking s ta te  i n  lowest set  o f  t rac ings.  The de- 

p o l a r i z i n g  phase o f  the i n t r a c e l l u l a r  waves (upward) f requent ly  exceed 

leve l  a t  which f i r i n g  o f  the c e l l  can occur, w i thou t  i n i t i a t i o n  of 

f i r i n g .  

records, 50 m i l l i v o l t s .  (From E l u l ,  1965). 

Upper two sets  o f  records show la rge  slow 

Ca l ib ra t i ons  f o r  EEG channel, 50 microvo l ts ;  f o r  i n t r a c e l l u l a r  



l e v e l s  a t  a l l  

epoch, and the 

i n  black) rema 

The f i nd ings  

a popu la t ion  

(From E l u l ,  
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requencies f o r  the major 

incidence o f  s i g n i f i c a n t  

ns a t  around chance leve 

Fig. 13. P l o t  o f  coherence over a 500 second epoch between i n t r a c e l l u l a r  

wave records and EEG f rom c o r t i c a l  surface i n  same domain o f  

t i ssue.  Coherence leve ls  a re  below s t a t i s t i c a l l y  s i g n i f i c a n t  

p a r t  o f  the ana lys i s  

1 eve 1 s o f  coherence (shown 

s throughout the ana lys is .  

a re  i n te rp re ted  as  i n d i c a t  ng o r i g i n s  o f  the EEG i n  

o f  independent neuronal generators. (See t e x t ) .  

966). 
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